We designed spongy monoliths allowing liquid delivery to their surfaces through continuous nanopore systems (mean pore diameter ~40 nm). These nanoporous monoliths were flat or patterned with microspherical structures a few 10 µm in diameter, and their surfaces consisted of 
INTRODUCTION
Extensive research activities have been devoted to the design of bioinspired adhesive pads forming strong reversible contact to counterpart surfaces via arrays of fibrillar contact elements. 1, 2 The design of anti-adhesive surfaces has attracted much lesser attention. Among the origins of antiadhesive behaviour, surface topographies leading to a decrease in the actual contact area with a counterpart surface play a prominent role. The pull-off force (also referred to as adhesion force) F Ad between two contacting counterpart surfaces can be reduced by surface topographies that reduce the real contact area. 3 Focussing on topographic effects, anti-adhesive behaviour can be considered as topography-induced reduction of F Ad in comparison with flat reference surfaces. Focussing on surface chemistry, anti-adhesive behaviour can be considered as reduction of F Ad caused by a variation in the chemical nature of a surface while other parameters such as topography are kept unaltered. The design of anti-adhesive artificial surfaces has predominantly been inspired by plant surfaces with hierarchical topographic features. [4] [5] [6] [7] [8] [9] [10] Typically, the first hierarchical level is mimicked by arrays of microspheres with radii r s of the order of a few 10 µm or other artificial surfaces with similar topographies, whereas various synthetic approaches have been applied to implement further hierarchical structure levels. [11] [12] [13] [14] [15] [16] [17] [18] The rational design of anti-adhesive artificial surfaces encounters two challenges. First, any rough surface will show anti-adhesive properties on rigid counterpart surfaces as contact is only formed at protrusions, resulting in real contact areas much smaller than the contour of the apparent macroscopic contact area. However, sticky and compliant surfaces can adapt to surface topographies characterized by feature sizes below a few microns. 19 Therefore, the contact between the contacting surfaces is conformal; the real contact area and F Ad may even be enhanced as compared to contacts between two flat surfaces. Secondly, the detection of anti-adhesive properties has remained challenging. This problem has recently been addressed by the use of sticky and compliant poly(dimethyl silioxane) (PDMS) half-spheres as probes for investigation of adhesion on weakly adhesive surfaces. 19 Thus, we could show that solid monolithic polystyrene (PS) microsphere arrays with r s values in the 10 µm range are anti-adhesive on sticky and compliant counterpart surfaces. 20 Nanoporous monolithic microsphere arrays (NMMAs) with r s values of a few 10 µm, which consisted of the block copolymer polystyreneblock-poly(2-vinylpyridine) (PS-b-P2VP), showed antiadhesive behaviour at low relative humidities of 2 % as well as at high relative humidities of 90 %. 21 Besides the optimization of the contact topography, supply of liquid to contact interfaces is a second option for adhesion management. Artificial anti-icing surfaces were reported to rely on the immobilization of lubricants within porous scaffolds. [22] [23] [24] Moreover, supply of adhesive secretion to the contact interfaces of insect feet 25, 26 through channels or sponge-like pore systems 27, 28 was shown to affect the adhesive performance of the insects' attachment devices. [29] [30] [31] [32] [33] [34] Only little efforts have been directed to the investigation of wet adhesion on artificial nanopatterned and/or micropatterned surfaces, such as frog-inspired solid micropillar arrays. 35 Recently, we have prepared fibrillar PS-b-P2VP adhesive pads that contained continuous, spongy nanopore systems with pore diameters of a few 10 nm. These fibrillar adhesive pads were designed for strong reversible adhesion and formed contact to counterpart surfaces via dense arrays of nanorod-like contact elements with diameters of a few 100 nm. We found that humidity-induced softening of the fibrillary adhesive pads 36 as well as supply of liquid through the nanopore systems to the contact interface 37 significantly increased adhesion. The latter effect was attributed to capillarity-supported formation of solid-solid contact between the nanorod-like contact elements of the fibrillar adhesive pads and rigid counterpart surfaces.
Continuous nanopore systems allowing supply of liquid to contact interfaces have, to the best of our knowledge, not been combined with anti-adhesive surface topographies such as monolithic arrays of microspheres with r s values in the 10 µm range. The influence of wet conditions on adhesion has hardly been studied for anti-adhesive surface topographies and, apart from nanoporous fibrillar adhesive pads optimized for strong adhesion, 37 for nanoporous surfaces of any topography. Finally, it has not been investigated how the adhesive properties of nanoporous surfaces under dry and wet conditions differ for different chemical compositions of the contact surface. Here we address these problems by studying adhesion on NMMAs with r s values of a few 10 µm and on macroscopically flat but likewise nanoporous PS-b-P2VP monoliths. Since liquids like mineral oil can be supplied to the contact interfaces through the spongy-continuous nanopore systems, adhesion could be studied comparatively under dry and wet conditions. Pore walls and outer surfaces of the samples initially consisted of the aprotic polymer P2VP. We deposited conformal titania (TiO 2 ) layers on the P2VP surfaces of some samples by atomic layer deposition (ALD) 38 in such a way that the nanoporous structure was conserved. Whereas P2VP cannot form hydrogen bonds with the crosslinked PDMS used as counterpart surface, the acidic hydrogen atoms of the TiO 2 hydroxyl groups can form hydrogen bonds with the backbone oxygen atoms of the PDMS. As discussed below, the contact mechanics of the nanoporous PS-b-P2VP monoliths can be interpreted as complex interplay of solid/solid interactions, the presence or absence or capillarity, the mechanical properties of the tested samples, and topographic effects. Adjusting these parameters may pave the way for liquidmediated adhesion management involving supply or drainage of liquids to or from contact surfaces as well as liquid-induced contact surface softening. We show that F Ad and the work of separation W Se on monoliths containing sponge-like continuous nanopore systems with pore diameters of a few 10 nm can be varied by at least one order of magnitude. 
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RESULTS
Preparation of flat nanoporous PS-b-P2VP monoliths (FNMs), NMMAs and their TiO 2 -coated derivatives
Mechanically robust ~500 µm thick FNMs containing continuous spongy nanopore systems were obtained by swelling-induced pore generation [39] [40] [41] [42] of solid films consisting of asymmetric PS-b-P2VP, as discussed in reference 21. As demonstrated previously, it is possible to transport liquid through these continuous pore systems. 36, 40, 42 NMMAs were obtained by double replication 20, 43, 44 of mixed monolayers of PS microspheres with radii r s of 12.5 µm and 22.5 µm (cf. reference 20 and "Materials and methods" section) that is schematically displayed in Figure 1 . Since the NMMAs 7 were faithful positive replicas of the mixed PS microsphere monolayers, which are thereafter referred to as primary molds, the latter defined the surface topography of the NMMAs. As obvious from Figure specimens were subjected to swelling-induced pore generation, as described above (Figure 1e ). 
Force-displacement measurements
F Ad and W Se were obtained by evaluation of the retraction parts of force-displacement curves ( Figure 5 ). A sticky and compliant PDMS half-sphere is approached to the surface of the tested sample. As soon as contact forms, further displacement of the PDMS half-sphere towards the tested surface requires application of a compressive force with positive sign. As soon as a defined compressive pre-load F L is reached, the PDMS half-sphere is retracted. During retraction, adhesion causes the contact between PDMS half-sphere and tested surface to persist even beyond the point where the applied force becomes zero. The PDMS half-sphere remains attached to the tested surface until a negative pull-off force F Ad is reached, which corresponds to the force minimum in the retraction part of the corresponding force-displacement curve.
The work of separation W Se is the energy required to detach the PDMS half-sphere from the tested surface and corresponds to the area at negative forces enclosed by the zero force line and the retraction part of a force-displacement curve ( Figure 5 ). Since the real contact area between the tested samples and the PDMS half-sphere is neither experimentally nor theoretically accessible, coatings as well as the differences in W Se in the presence and absence of mineral oil.
The previously reported force-displacement measurements on nanoporous fibrillar PS-b-P2VP
adhesive pads optimized for strong adhesion were carried out with rigid sapphire spheres as probes. 36, 37 However, this classical experimental layout appropriate for the measurement of high adhesion forces is not suitable for the detection of the small adhesion forces characteristic of the samples studied in this work. Therefore, we acquired force-displacement measurements using sticky and compliant viscoelastic PDMS half-spheres as probes, which are particularly suitable for the investigation of weakly adhesive surfaces. 19 The classical Johnson-Kendall-Roberts (JKR) model 45 for sphere-on-flat contacts assumes that the flat surface does not exhibit any kind of roughness. The surfaces of the NMMAs and FNMs studied here exhibit roughness on the 100 nm scale. Compliant PDMS half-spheres can adapt to the corrugated nanoporous surfaces, whereas rigid probes cannot.
Hence, real contact area and the detected F Ad values will depend on the probe used. Consequently, the experimentally detected pull-off force F Ad is not equivalent to the pull-off force theoretically predicted by the JKR model, because the JKR model does not adequately describe the scenarios studied here. Also, the independence of F Ad on F L predicted by the JKR model does not always appropriately describe the experimental reality if the tested surfaces are rough. We found even using rigid spherical sapphire probes that F Ad on fibrillar adhesive pads depends on F L within a certain F L range. 46 Therefore, we normalized F Ad to F L .
The force-displacement measurements were carried out in the presence or in the absence of mineral oil at the contact interface. The mineral oil was supplied from the undersides of the nanoporous PS- 
Pull-off forces F Ad
We determined F Ad on FNMs and TiO 2 -FNMs as well as on NMMAs, TiO 2 (60)-NMMAs and TiO 2 (100)-NMMAs ( Figure 6 ) from the retraction parts of force-displacement curves (cf. Figure 5 ).
We found the following trends, which we quantitatively evaluated by statistical analysis (degrees of freedom and P values for pairwise comparisons dry/wet and uncoated/TiO 2 (100) are listed in Tables   S1 and S2 were reproduced on non-polar PS, 20 on aprotic-polar P2VP, and on hydroxyl-terminated TiO 2 independent of the surface chemistry. It should be noted that ordered binary microsphere arrays 47 and ordered non-contiguous 2D microsphere arrays 48 reported in the literature are typically characterized by r s values ranging from a few 100 nm to a few microns. Therefore, for these surfaces rather adhesion enhancement than anti-adhesive behaviour towards compliant counterpart surfaces is to be expected.
Influence of surface chemistry
The increase in 
Influence of interfacial liquid on the pull-off force F Ad
For all NMMA species as well as for all types of FNMs studied here, F Ad /F L tended to be smaller in the presence than in the absence of mineral oil (Figures 7 and 8 ). This outcome is in contrast to the results obtained on nanoporous fibrillar adhesive pads made of the same PS-b-P2VP block copolymer; on the nanoporous fibrillar adhesive pads, supply of mineral oil resulted in a pronounced increase in F Ad /F L by one order of magnitude. This increase was ascribed to capillaritysupported formation of solid-solid contact. 36 Solid-solid contacts may form in the absence as well as in the presence of mineral oil. According to the modified Schargott-Popov-Gorb model, the probability of contact formation between nanorod-like contact elements and a counterpart surface influences F Ad /F L . 46 Capillarity-supported formation of solid-solid contact mediated by liquid bridges was assumed to increase this probability of contact formation and, therefore, F Ad /F L . 36 The bendability of the nanorod-like contact elements appears to be crucial to this effect. Capillarity- FNMs so that screening of solid-solid interactions by mineral oil has a more dramatic impact on TiO 2 -FNMs. On the other hand, the absolute contact area between TiO 2 -FNMs and the PDMS halfsphere within the contour of the contact circle is much larger than that between NMMAs and TiO 2 -NMMAs. Thus, the importance of solid-solid interactions relative to capillarity is more pronounced on TiO 2 -FNMs than on TiO 2 -NMMAs.
Interfacial liquid and surface chemistry
In the presence of mineral oil, F Ad and W Se on TiO 2 -FNMs tend to be smaller than on FNMs. This finding may be rationalized as follows. Taking into account that the surface of FNMs is corrugated, already small local deformations of the PS-b-P2VP scaffold may increase the contact area to the PDMS half-sphere. Such deformations may be facilitated by softening related to partial swelling of the PS-b-P2VP with mineral oil. Similar effects were previously reported for solid specimens; for example, softening of fresh Lotus leafs by moisture resulted in increased actual contact areas and higher adhesion as compared to rigid artificial analogues. 4 Moreover, moisture-induced softening resulted in adhesion enhancement on bioinspired fibrillar adhesive pads. 36 On the other hand, capillarity-induced surface deformation may result in better adhesion between soft and elastic surfaces than between rigid surfaces. [51] [52] [53] [54] Subsequently, the samples were dried for 24 h under vacuum at room temperature. Finally, the PDMS substrates were detached and flat solid PS-b-P2VP specimens were obtained. About 500 µm thick FNMs were formed by swelling-induced pore generation in ethanol at 60°C for 4 h.
Preparation of NMMAs. PDMS secondary molds were prepared as described elsewhere. Si wafers covered by a native SiO 2 layer (Table S5) 
Force-displacement measurements
For the experiments reported in this work, a set of PDMS half-spheres with a diameter of 3 mm was simultaneously prepared under exactly the same conditions. Sylgard Elastomer 184 (Dow Corning) was used as PDMS prepolymer formulation. Base and curing agent were thoroughly mixed at a weight ratio of 8:1 for 3 min using steel spatula. The obtained PDMS prepolymer formulation was kept under ambient conditions until all air bubbles had vanished and then poured onto polyvinylsiloxan (PVS) molds containing several half-spherical cavities that had in turn been obtained by replication molding of sapphire spheres glued on a glass slide. 19 Subsequently, the value had been reached, the PDMS half-spheres were retracted. The approach and retraction speeds of the PDMS half-spheres were 100 µm/s. Series of force-displacement measurements on a specific sample were taken as follows. At first, the flat underside of the sample was placed on tissue paper with an area of about 1 cm 2 , and a series of force-displacement measurements was carried out under dry conditions. Then, 5 μL mineral oil were dropped onto the uncovered part of the tissue paper, and we acquired a series of force-displacement curves under wet but otherwise identical conditions without moving the sample and without changing the PDMS half-sphere. We used mineral oil purchased from Sigma-Aldrich with a viscosity of 1.42-1.70 x 10 -5 m 2 s -1 at 40°C, as specified by the supplier. The wait time between mineral oil supply and the measurement of the first forcedisplacement curve after mineral oil supply was 30 min. This time period is sufficient to make sure that the tested samples were saturated with mineral oil. 37 Prior to any measurement after mineral oil supply, the PDMS half-spheres were cleaned with tissue paper. W Se was numerically estimated from the retraction parts of the force-displacement curves using MATLAB software (MathWorks, Inc.)
by applying the trapezoidal rule (Newton-Cotes formula). 58 Although not applicable to viscoelastic materials, 59 we used the JKR theory to determine the effective elastic module of the system "PDMS half-sphere"/"FNM", but not to determine the work of adhesion. The reason for this is that the viscosity of the considered materials only weakly influences the elastic modulus but strongly influences the work of adhesion. The effective elastic modulus of the system "PDMS halfsphere"/"FNM" amounted to 1.2 ± 0.1 MPa and was calculated by evaluation of 10 forcedisplacement measurements on flat PS-b-P2VP monoliths using the JKR theory. 45 Equation 9 in reference 60 was used to fit the force-displacement curves. The exact displacement at which the PDMS half-sphere formed contact with the tested FNMs was a fit parameter that was not further 
